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1
OPTICAL FIBER PRODUCING METHOD
AND APPARATUS AND OPTICAL FIBER

TECHNICAL FIELD

The present invention relates to a method and an appa-
ratus for producing an optical fiber by drawing a glass fiber
while heating and melting an optical fiber preform, and to an
optical fiber to be obtained using the method and the
apparatus.

BACKGROUND ART

An optical fiber is produced by heating and melting an
optical fiber preform (hereafter referred to as a preform)
using a dedicated drawing furnace, by drawing a glass fiber
and by applying protective coating to the external surface
thereof. The drawing furnace has a configuration in which a
susceptor into which the preform is inserted is disposed
inside the furnace body thereof, a heating apparatus dis-
posed outside the susceptor heats the susceptor, a glass fiber
is allowed to droop from the lower end of the heated and
melted preform, and the glass fiber is pulled out through the
lower outlet of the susceptor. The susceptor is usually made
of heat-resisting carbon; however, a gas (hereafter referred
to as an inert gas or the like), such as a rare gas, for example,
argon (Ar) or helium (He), or nitrogen (N,) is supplied into
the susceptor to prevent the oxidation of the susceptor.

The inert gas or the like having been supplied into the
susceptor flows from the upper side to the lower side of the
susceptor in many cases; in such a case, the gas is discharged
from the lower side of the susceptor to the outside together
with the glass fiber having been drawn from the preform. In
the case that a thick preform is drawn, the space around the
neck-down region of the preform becomes large, and the
temperature distribution of the gas flowing in the space
becomes non-uniform; as a result, the variation in the
diameter of the glass fiber to be drawn tends to become
large. If the variation in the diameter of the glass fiber
becomes larger, a problem, such as a greater connection loss
at the time of connector connection, may occur. To solve this
problem, a method for suppressing the variation in the
diameter of the glass fiber by using He gas having high
thermal conductivity as an inert gas or the like and by
making the temperature distribution uniform is used in some
cases. Furthermore, a protective pipe (also referred to as a
lower chimney or a lower extension pipe) is provided at the
lower section of the susceptor to keep the glass fiber away
from the outside air immediately after the drawing, thereby
suppressing the variation in the diameter of the glass fiber.

However, since He gas has high thermal conductivity, in
the case that He gas is used inside the protective pipe, the
glass fiber is cooled quickly. In the glass fiber having been
heated and melted, the atoms and molecules inside the glass
vibrate due to the thermal energy thereof, and the arrange-
ments of the atoms and molecules are disordered, whereby
the atoms and molecules being in the disordered states are
rearranged and the structural relaxation of the glass is
promoted while the glass is cooled, and equilibrium is
reached at a predetermined temperature and the glass is
frozen and solidified. The equilibrium temperature serving
as an indicator of the disorder in the glass structure is also
referred to as fictive temperature; in the case that the glass
is cooled slowly, the disordered states of the atoms and
molecules inside the glass are relieved gradually, and the
fictive temperature is shifted to the lower temperature side.
On the other hand, if the glass is cooled quickly, the glass is
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frozen and solidified while the rearrangements of the atoms
and molecules inside the glass are disordered, and the fictive
temperature is shifted to the higher temperature side.

As described above, in the case that He gas is used, the
glass fiber being in the heated and melted state immediately
after the drawing is cooled quickly inside the protective pipe
by He gas having high thermal conductivity, and the glass is
frozen while the atoms and molecules inside the glass are
disordered; as a result, the fictive temperature is high and the
Rayleigh scattering intensity of the optical fiber cannot be
reduced; hence, it is said that transmission loss increases.

To cope with the above-mentioned problem, for example,
Patent Document 1 discloses a method for suppressing the
glass fiber from being cooled quickly by providing a gas
mixture layer in which He gas is mixed with a gas having
low thermal conductivity between the neighborhood of the
outlet of the susceptor and the protective pipe.

Patent Document 2 discloses a method for slowly cooling
the glass fiber by introducing the drawn glass fiber into a
slow cooling section and by keeping the glass fiber at room
temperature or heating the glass fiber using Ar gas serving
as a temperature adjustment gas.

Patent Document 3 discloses a method for decreasing
transmission loss by performing heat treatment (slow cool-
ing) when the glass fiber is drawn from the preform to set the
fictive temperature in a predetermined range and by decreas-
ing the residual stress (tensile stress) of the glass fiber in the
direction from the inside to the outside of the clad layer to
decrease the difference in the distribution of the residual
stress in the radial direction.

PRIOR ART DOCUMENT
Patent Document

Patent Document 1
JP-4356155-B
Patent Document 2
JP-2003-176149-A
Patent Document 3
JP-4663277-B

GENERAL DESCRIPTION OF THE INVENTION
Problem that the Invention is to Solve

Through the advancement of information technology, the
applications of general-purpose optical fibers (single-mode
optical fibers) range widely, for example, from long-distance
optical signal transmission to relatively short-distance con-
nection to households and LAN formation in households.
Optical connectors are frequently used for optical fiber
connection associated with these applications; in particular,
the use of multi-core optical connectors is increasing. The
connection of an optical fiber to such a multi-core optical
connector is carried out by fitting a glass fiber into a fiber
insertion hole formed highly accurately in a molded con-
nector. In this case, if the diameter of the glass fiber is large,
the glass fiber cannot be inserted; if the diameter of the glass
fiber is small, the center of the glass fiber is not aligned with
the center of the insertion hole, and a defect occurs due to
connection loss. In other words, if the variation in the
diameter of the glass fiber of the optical fiber to be used is
large when the glass fiber is connected to a multi-core
optical connector, problems, such as a low yield in produc-
tion and an increase in connection loss, will be revealed.
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As described above, in the process of drawing a glass fiber
from a preform, the use of He gas is required to decrease the
variation in the diameter of the glass fiber of the optical fiber.
However, He gas is very expensive in comparison with the
other inert gases and the like, such as Ar gas and N, gas;
hence the use of He gas constitutes a major factor in
increasing the production cost of the optical fiber. To solve
this problem, a proposal has been made wherein He gas is
recovered and reused; however, this requires a large-scale
system, thereby being unreasonable in initial investment and
running cost.

Furthermore, the glass fiber immediately after the draw-
ing is required to be cooled slowly to decrease its transmis-
sion loss; however, the installation of such a gas supply
device and a heater for slow cooling as disclosed in Patent
Documents 1 to 3 also requires initial investment and
running cost, and further requires time and efforts to set
conditions and to make adjustments.

In consideration of the above-mentioned actual circum-
stances, the present invention is intended to provide a
method and an apparatus for producing an optical fiber in
which the increase in transmission loss is reduced while the
variation in the diameter of a glass fiber is suppressed using
an inexpensive inert gas or the like and inexpensive auxil-
iary devices, and to provide an optical fiber to be produced
using the method and the apparatus.

Means for Solving the Problem

The optical fiber producing method and apparatus accord-
ing to the present invention, the apparatus being equipped
with a susceptor into which an optical fiber preform is
inserted and a heater disposed outside the susceptor to heat
the susceptor from the outside, are used to produce an
optical fiber by drawing a glass fiber while the optical fiber
preform is heated and melted and by drawing out the fiber
through the outlet at the lower section of the susceptor to the
outside.

A gas containing 50% or more of argon or nitrogen is used
as a gas to be supplied into the susceptor, and a protective
pipe with a length of Da (mm) is provided under the
susceptor, the protective pipe having a heat insulating region
enclosed with a heat insulator with a length of Db (mm) at
the upper section thereof and a non-heat insulating region
not enclosed with any heat insulators at the lower section
thereof. When the drawing velocity of the glass fiber is V
(m/min), the lengths of Da and Db are set to satisty
“V/Da=<1.2 and V/Db=2.3” so that the temperature of the
glass fiber at the outlet of the protective pipe becomes 1700°
C. or less and so that the outer diameter of the glass fiber at
the outlet of the protective pipe is within a range of the target
outer diameter of the glass fiber+6 um or less.

Furthermore, a gas containing 85% or more of argon or
nitrogen is used as a gas to be supplied into the susceptor,
and a protective pipe with a length of Da (mm) is provided
under the susceptor, the protective pipe having a heat
insulating region enclosed with a heat insulator with a length
of Db (mm) at the upper section thereof and a non-heat
insulating region not enclosed with any heat insulators at the
lower section thereof; when the drawing velocity of the glass
fiber is V (m/min), the lengths of Da and Db are set to satisfy
“V/Da=<1.2 and V/Db=<7.7” so that the temperature of the
glass fiber at the outlet of the protective pipe becomes 1700°
C. or less and so that the outer diameter of the glass fiber at
the outlet of the protective pipe is within a range of the target
outer diameter of the glass fiber+6 um or less.
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In the above-mentioned configurations, it is further pref-
erable that “V/Dax<1.0” should be satisfied, that the tem-
perature of the glass fiber at the outlet of the protective pipe
should be 1650° C. or less, and that the outer diameter of the
glass fiber at the outlet of the protective pipe should be
within a range of the target outer diameter of the glass
fiber+1.6 pm or less.

It is preferable that the value obtained by dividing the
Grashof number Gr inside the protective pipe by the square
of the Reynolds number Re should be 1 or less.

In the optical fiber produced using the above-mentioned
method, the variation in the diameter of the glass fiber is
20.4 um or less or £0.15 um or less, and the reflectance
spectrum of the optical fiber around 1120 cm™" has a peak at
1119.83 cm™" or more, or the absorption spectrum around
2250 cm™" has a peak at 2248.54 cm™' or more.

It is also preferable that the residual stress of the optical
fiber produced using the above-mentioned method should
increase monotonously from the inside to the outside in the
radial direction and that the gradient at the time when the
tensile stress distribution in the above-mentioned region is
subjected to straight-line approximation should have a value
of +0.0 MPa/um to +0.5 MPa/um. The present invention is
particularly suited for the case in which the drawing velocity
is high (for example, a drawing velocity of 1000 m/min or
more); hence, a highly productive optical fiber can be
obtained at low cost while the quality thereof is maintained.

Advantage of the Invention

According to the present invention, the use of expensive
He gas can be reduced; in addition, without the use of special
devices for slowly cooling drawn glass fiber, it is possible to
obtain an optical fiber having little variation in its diameter
and having a transmission loss of a predetermined value or
less.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a view illustrating an example of a drawing
furnace for use in the production of an optical fiber accord-
ing to the present invention;

FIG. 2 is a graph showing the dependence of thermal
conductivity on the concentration of Ar gas in He gas;

FIG. 3 is a graph showing the relationship between the
temperature of a glass fiber and the variation in the diameter
of the glass fiber and the relationship between the tempera-
ture and the outer diameter of the glass fiber at the outlet of
a protective pipe;

FIG. 4 is a graph illustrating the residual stress of the glass
fiber according to the present invention; and

FIG. 5 is a table showing the results of evaluation
according to the present invention.

MODE FOR CARRYING OUT THE INVENTION

A method and an apparatus for producing an optical fiber
according to the present invention will be outlined referring
to FIG. 1. Although a resistance furnace for heating a
susceptor using a heater is taken as an example and
described below, the present invention is also applicable to
an induction furnace for induction heating its susceptor
using high-frequency power applied to a coil.

In the figure, numeral 10 designates a drawing furnace,
numeral 11 designates an optical fiber preform (preform),
numeral 11a designates the lower end section of the preform,
numeral 12 designates a glass fiber, numeral 13 designates
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a susceptor, numeral 14 designates a furnace body, numeral
15 designates a heater, numerals 16 and 18 designate heat
insulators, numeral 17 designates a protective pipe, numeral
17a designates a heat insulating region, and numeral 175
designates a non-heat insulating region.

Glass fiber drawing is carried out as shown in FIG. 1 by
using a process in which the lower section of the optical fiber
preform 11 (hereafter referred to as a preform) being sus-
pended and supported is heated and melted, the glass fiber
12 is melted and allowed to droop from the lower end
section 11a of the preform, and the glass fiber 12 is drawn
so as to have a predetermined glass fiber diameter. The
optical fiber drawing furnace 10 for this purpose is config-
ured such that the heater 15 for heating is disposed so as to
enclose the susceptor 13 into which the preform 11 is
inserted and supplied, such that the heater 15 is enclosed
with the heat insulator 16 made of carbon, such as a carbon
felt or a molded heat insulator made of carbon, so that the
heat of the heater 15 is not dissipated to the outside, and such
that the entire exterior thereof is enclosed with the furnace
body 14.

The preform 11 is suspended and supported by a suspend-
ing mechanism (not shown) and is controlled so as to be
moved sequentially downward as the glass fiber drawing
proceeds. The furnace body 14 is made of a metal being
superior in corrosion resistance, such as stainless steel, and
the susceptor 13 having a cylindrical shape and made of high
purity carbon, described later, is disposed in the central area
thereof. In order that the susceptor 13 is prevented from
being oxidized and degraded, an inert gas or the like, such
as argon, helium or nitrogen, is supplied into the susceptor
13, and this inert gas or the like passes through the clearance
between the preform 11 and the susceptor 13 and the most
of'the gas is discharged to the outside together with the glass
fiber 12 having been drawn via the protective pipe 17
provided so as to be extended from the susceptor 13 to the
lower section of the drawing furnace 10.

The protective pipe 17 has a function of relieving the glass
fiber 12 having been heated and softened from being cooled
quickly and at the same time a function of cooling and
curing the glass fiber to some extent to suppress the variation
in the diameter of the glass. A shutter or the like is provided
at the lower end of the protective pipe 17 in some cases. The
protective pipe 17 is made of carbon similar to that used for
the susceptor or a metal, such as stainless steel, can be
separated from the susceptor 13 and is disposed so as to be
connected to the lower end of the susceptor 13.

In the present invention, when the glass fiber is drawn
using the drawing furnace 10 configured as described above,
a gas containing 50% or more or 85% or more of Ar or N,
gas is used as the inert gas or the like to be supplied into the
susceptor 13. In other words, 100% of Ar or N, gas may be
used; even in the case that a mixture gas of He gas and Ar
or N, gas is used, a gas containing 50% or more or 85% or
more of Ar or N, gas is used.

The glass fiber 12 melted and drooping from the lower
end section 11a of the preform 11 can be suppressed from
being cooled quickly and the structural relaxation of the
glass fiber can be promoted easily when Ar or N, gas is used,
in comparison with the case in which 100% of He gas is
used.

The structural relaxation of the glass fiber is promoted
effectively when a gas containing 50% or more of Ar or N,
gas is used, whereby a temperature adjustment gas or the
like for slow cooling, disclosed in Patent Documents 1 and
2, is not required to be introduced into the neighborhood of
the outlet of the susceptor 13. As a result, the glass fiber is

35

40

45

50

55

6

not affected by stagnation and interference due to the intro-
duction of a gas from another port, whereby it is possible to
eliminate factors for causing the vibration of the glass fiber
and the variation of the diameter of the glass fiber. Further-
more, the use of the expensive He gas can be reduced by
50% or more, whereby the effect in cost reduction is
significant.

In the case that the ratio of Ar or N, gas is raised to 85%
or more, the structural relaxation of the glass fiber can be
promoted further, and the cost can be reduced further.

The upper side (upstream side) of the protective pipe 17
provided on the lower side of the drawing furnace 10 is
enclosed with the heat insulator 18 so that heat is suppressed
from being dissipated from here, whereby the quick cooling
of the glass fiber immediately after drawing is relieved.
When it is assumed that the range covered with the heat
insulator 18 is the heat insulating region 174, it is preferable
that the temperature of the glass fiber 12 should be main-
tained at 1800° C. or less inside the heat insulating region
17a. In this case, the structural relaxation of the glass fiber
in the process in which the glass is cooled can be promoted
easily.

In the case that the ratio of Ar or N, gas in the inert gas
or the like is higher, the structural relaxation of the glass
fiber can be promoted further; hence, in the case that the
ratio of Ar or N, gas is higher, the heat insulating region 17a
can be made shorter.

FIG. 2 is a graph showing the dependence of thermal
conductivity on the concentration of Ar gas in He gas as an
example; according to this graph, it is found that the thermal
conductivity becomes lower as the ratio of Ar gas is higher
and that the quick cooling of the glass fiber can be relieved.

The lower side (downstream side) of the heat insulating
region 17a is provided with the non-heat insulating region
1756 having no heat insulator (down to the lower end position
of' the protective pipe), whereby the cooling of the glass fiber
12 after the structural relaxation is promoted further than the
cooling on the upper side. In other words, it is preferable that
in the glass fiber, the glass structure of which has been
immobilized, the cooling of the glass fiber thereafter should
be carried out quickly to some extent so that the height of the
apparatus (the length of the protective pipe) is suppressed so
as not to be excessive.

However, in the case that Ar or N, gas is used and the heat
insulating region 17a of the protective pipe 17 is provided,
if the outer diameter of the glass fiber on the outlet side is
not reduced sufficiently and if the outer diameter at the outlet
of the protective pipe 17 is larger than a target value (the
final outer diameter) by a predetermined value or more, the
variation in the diameter of the glass fiber also increases.

In other words, since the glass fiber drawn out of the outlet
of the protective pipe 17 is directly exposed to the outside
air, the outer diameter of the glass fiber is required to be
reduced to the target outer diameter+6 um or less, preferably
the target outer diameter+1.6 pum or less, further preferably
the target outer diameter+0.2 um or less. For this purpose, it
is preferable that the glass fiber 12 inside the non-heat
insulating region 175 should be cooled to 1700° C. or less,
preferably 1650° C. or less, further preferably 1500° C. or
less. As the temperature of the glass fiber is higher, the
variation in the diameter of the glass fiber tends to become
larger as shown in FIG. 3(A); furthermore, as shown in FIG.
3(B), when the target value of the diameter of the glass fiber
is 125 pm, the outer diameter at the outlet of the protective
pipe 17 tends to become larger than the target value.

The temperature of the glass fiber at the outlet of the
drawing furnace can be measured using an infrared sensor or
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the like, and the diameter of the glass fiber can be measured
using a laser outer diameter measuring instrument or the
like.

The lengths of the protective pipe and the heat insulating
region, required so that the temperature of the glass fiber is
set to the above-mentioned predetermined temperature,
depend on the velocity (m/min) of the glass fiber to be
drawn; the lengths are required to be made larger as the
velocity is higher. When it is assumed that the length of the
protective pipe is Da (mm) and that the length of the heat
insulating region is Db (mm), in the case that a gas con-
taining 50% or more of Ar or N, gas is used as the gas to be
supplied into the susceptor, it is preferable that V/Da<1.2
and V/Db=2.3 should be established. When these expres-
sions are applied, Da=833 mm and Db=435 mm are obtained
at a drawing velocity of 1000 (m/min), for example.

It is further preferable that V/Da<1.0 and V/Db=2.3
should be established; when these expressions are applied,
Da=1000 mm and Db=z435 mm are obtained at a drawing
velocity of 1000 (m/min), for example.

In the case that a gas containing 85% or more of Ar or N,
gas is used as the gas to be supplied into the susceptor, it is
preferable that V/Dax<1.2 and V/Db<7.7 should be estab-
lished. When these expressions are applied, Da=833 mm and
Dbz130 mm are obtained at a drawing velocity of 1000
(m/min), for example.

It is further preferable that V/Da<1.0 and V/Db<7.7
should be established; when these expressions are applied,
Da=1000 mm and Dbz130 mm are obtained at a drawing
velocity of 1000 (m/min), for example.

The heat insulating region 17a of the protective pipe 17
can be formed by providing the heat insulator 18 on the outer
circumference of the protective pipe 17. The heat insulator
18 can be made of the same material as that of the heat
insulator 16 for covering the heater 15 of the drawing
furnace and is used to suppress the heat of the protective
pipe 17 having been heated by the heater 15 from being
dissipated to the outside. The heat insulating region 17«
relieves the glass fiber 12 melted and drooping from the
lower end section 11a of the preform 11 from being cooled
quickly and can promote the structural relaxation of the
glass fiber. Hence, a separate supply of Ar or N, gas into the
heat insulating region 17a and a heating process using a
heating apparatus, having been required conventionally, are
not required any more; as a result, a large-scale gas supply-
ing apparatus and a large-scale heating apparatus are not
required, and the cost for producing the optical fiber can be
reduced.

As described above, by the use of Ar or N, gas, the
production cost can be reduced, the structural relaxation of
the glass fiber is promoted and the fictive temperature of the
glass is shifted to the low temperature side, the arrangement
states of atoms and molecules inside the glass can be put in
order, and the Rayleigh scattering intensity of the optical
fiber can be reduced and the transmission loss thereof can be
decreased.

However, the thermal conductivity of Ar or N, gas is
smaller (approximately one-eighth the thermal conductivity
of He gas) than that of He gas and the shape of the
neck-down region of the lower end section 1la of the
preform is extended; hence, in the case that Ar or N, gas is
used, the neck-down region is likely to be affected by
disturbance (for example, the flow of the gas).

For example, the shape of the neck-down region and the
diameter of the drooping glass fiber are liable to vary in
sensitive response to the disturbance of the gas flowing
therearound. Hence, it may be possible that the diameter of
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the susceptor 13 is reduced so as to conform to the shape of
the neck-down region in the neighborhood of the lower end
section 11a of the preform, thereby suppressing the flow of
the inert gas or the like from being disturbed. With this
reduction in the diameter, the heat radiated from the heater
15 is effectively reflected to the preform, whereby heating
efficiency can be raised.

In addition, the variation in the diameter of the glass fiber
is caused also depending on the variation in the pressure
inside the susceptor. However, as a result of an investigation,
it is found that the variation in the diameter of the glass fiber
can be limited to a desired value (0.4 um or less) by
decreasing the variation in the pressure at 1 Hz or less inside
the susceptor. The variation in the diameter of the glass fiber
can be defined as a value three times the dispersion (standard
deviation) of the diameter of the glass fiber. Incidentally, in
the case that He gas is used, it is found that the variation in
the diameter is almost unaffected by the variation in the
pressure. The pressure inside the susceptor can be measured
easily by providing a pressure measurement port at an
appropriate place of the drawing furnace and by installing a
pressure meter.

The variation in the pressure inside the susceptor will also
occur depending on the flowing state of the gas inside the
protective pipe 17. More specifically, in the case that the
value (Gr/Re?) obtained by dividing the Grashof number Gr
inside the protective pipe by the square of the Reynolds
number Re is larger than 1, the flow of the gas inside the
protective pipe is disturbed by the effect of buoyancy and a
pressure variation is induced. This pressure variation acts on
the lower end section 11a of the preform, thereby causing
the variation in the diameter of the glass fiber. Hence, it is
preferable that the inner diameter of the protective pipe or
the like should be set so that the above-mentioned value
(Gr/Re?) is 1 or less inside the protective pipe.

The Grashof number Gr and the Reynolds number Re are
represented by the following expressions in the case that the
flow velocity of the gas is w, that the dynamic viscosity
coeflicient is v, that the inner diameter of the protective pipe
is d, that the gravitational acceleration is g, that the volume
expansion coefficient is f§, and that the temperature differ-
ence is AO.

Reynolds number Re=wdAn

Grashof number Gr=(a®gPAB)/(v?)

In the drawing process for a quartz-based glass fiber, p=1/T
can be established, and calculations are carried out by using
T (temperature)=1850K (Kelvin) and AB=1550K as repre-
sentative values. The flow velocity w of the gas is the sum
of the flow velocity wl of the gas to be introduced into the
furnace and the flow velocity (dragging flow) w2 of the
furnace gas that depends on the drawing velocity and is
dragged by the glass fiber.

In the optical fiber produced using the above-mentioned
method, the structural relaxation of the glass can be pro-
moted by the use of Ar or N, gas and by the adoption of the
slow cooling structure composed of the protective pipe
whose upper section is enclosed with the heat insulator; as
a result, the fictive temperature can be lowered, the trans-
mission loss can be decreased to some extent, and the
production cost can be reduced significantly, in comparison
with the case in which He gas is used and the slow cooling
structure is not provided. Furthermore, the outer diameter of
the glass fiber at the time when the glass fiber is exposed to
the outside air can be reduced by keeping the temperature of
the glass fiber at the outlet of the protective pipe within a
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predetermined range and by reducing the outer diameter to
the target outer diameter+6 um or less inside the protective
pipe; moreover, the variation in the diameter of the glass
fiber can be reduced by suppressing the pressure variation.
It is preferable that the variation in the diameter of the glass
fiber should be £0.4 um or less. With this optical fiber, the
yield of the connection to multi-core optical connectors can
be improved, and the loss in the connection can be
decreased.

In the case that the fictive temperature of the glass fiber is
lowered by 30° C., for example, during the cooling in the
glass fiber drawing process, the transmission loss can be
decreased by approximately 0.002 dB/km at a wavelength
band of approximately 1.55 pm. In other words, the struc-
tural relaxation of the glass can be promoted and the
transmission loss thereof can be decreased by lowering the
fictive temperature.

Since the calculated value of the fictive temperature is
different depending on the measurement method or calcu-
lation expression used, it is preferable that the fictive tem-
perature should be assumed at the peak position of the
reflectance spectrum or the peak position of the absorption
spectrum being dependent on the fictive temperature.

In other words, in the case of the glass fiber according to
the present invention having been drawn using the above-
mentioned method, it is preferable that the peak position of
the reflectance spectrum around 1120 cm™ should be
located at 1119.83 cm™" or more or that the peak position of
the absorption spectrum around 2250 cm™ should be located
at 2248.54 cm™" or more.

In addition, the cooled glass fiber has residual stress in
tension and compression. FIG. 4 is a graph showing an
example of the residual stress (clad stress) in the radial
direction of the glass fiber. In the figure, “a” represents an
example of the optical fiber according to the present inven-
tion having been drawn using the method in which Ar gas
was used, “b” represents an example of the optical fiber
having been drawn using the conventional method in which
He gas was used, and “c” represents an example of the
optical fiber disclosed in Patent Document 3. In the figure,
the residual stress being zero or higher is tensile stress and
the residual stress being lower than zero is compressive
stress.

In the optical fiber “b” that was cooled using the conven-
tional method in which He gas was used, without being
subjected to slow cooling, the He gas having high thermal
conductivity makes contact with the outer face of the glass
fiber, and the glass fiber is cooled quickly; as a result, large
residual stress occurs because of the tension acting on the
outer circumferential side of the clad layer of the glass fiber.
Furthermore, residual stress occurs because of the compres-
sion applied to the inside of the clad layer, and in the core
region at the center, residual stress occurs because of the
compression. In other words, the optical fiber has a large
difference in the distribution of the residual stress in the
radial direction.

On the other hand, in the optical fiber “c” disclosed in
Patent Document 3, tensile stress occurs in almost the entire
region of the clad layer, and the tensile stress decreases from
the inside to the outside of the clad layer. According to this
stress distribution, since the difference in the distribution of
the residual stress of the glass fiber in the radial direction is
small, it can be expected that the transmission loss is small
and the Rayleigh scattering intensity is kept low. However,
obtaining such a stress distribution means that heat treatment
consisting of temperature decrease, temperature increase
and temperature decrease is conducted in this order in the
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cooling process of the glass fiber. The variation in the
temperature of the glass fiber indicates that the temperature
of'the ambient gas does not vary monotonously and the flow
of the gas is liable to be disturbed; hence, there is a danger
that the variation in the diameter of the glass fiber may
increase. Moreover, such a special heat treatment apparatus
(slow cooling apparatus) as disclosed in Patent Document 2
is required for the heat treatment of the glass fiber.

On the other hand, in the glass fiber “a” according to the
present invention having been cooled slowly in the above-
mentioned heat insulating region using Ar gas, the Ar gas
having low thermal conductivity makes contact with the
outer circumferential face of the glass fiber, and the quick
cooling of the glass fiber is relieved at the heat insulating
region in which the heat insulator is disposed around the
protective pipe. As a result, the tensile stress on the outer
circumferential side of the clad layer is decreased, and
residual stress increasing monotonously and gradually from
the inside to the outside of the clad layer is obtained.

More specifically, the gradient at the time when the stress
distribution from the inside to the outside of the clad layer
is subjected to straight-line approximation is formed so as to
have a value of +0.0 MPa/um to +0.5 MPa/um. At this
gradient, a state is obtained in which the difference in the
distribution of the residual stress in the radial direction is
small, the distortion in the internal stress is small, and the
increase in the transmission loss due to the fluctuation in the
density of glass or the like is reduced effectively.

FIG. 5 shows the results of a test conducted to evaluate
production methods in which the target value of the variation
in the diameter of the above-mentioned glass fiber is £0.4
(um) or +0.15 (um) or less and the target value of the
transmission loss thereof is 0.185 (dB/km) or less. Each of
optical fiber samples (Samples 1 to 14) used in the test is a
single-mode optical fiber having a glass fiber diameter of
125 pm, and the drawing furnace used for optical fiber
production has the structure shown in FIG. 1; the test was
conducted depending on the presence or absence of the heat
insulating region 174 at the upper section of the protective
pipe 17 and depending on four kinds of gases to be intro-
duced into the susceptor: 100% of He gas, 100% of Ar gas,
a mixture gas containing 50% of Ar gas and 50% of He gas,
and a mixture gas containing 85% of Ar gas and 15% of He
gas.

Sample 1 was obtained using a nearly standard production
method in which 100% of He gas was introduced into the
susceptor and the heat insulating region 17a was not pro-
vided at the upper section of the protective pipe. According
to the result of the evaluation, the transmission loss did not
reach the target value and was nearly equal to that of the
conventional optical fiber although the variation in the
diameter of the glass fiber was small.

Sample 2 was obtained with the heat insulating region 17a
not provided as in the case of Sample 1 using the same
method as that used for Sample 1, except that a mixture gas
containing 50% of Ar gas and 50% of He gas was used as
the gas to be introduced into the susceptor. According to the
result of the evaluation, the variation in the diameter of the
glass fiber did not reach the target value; for this reason, the
other properties thereof were not measured.

Sample 3 was obtained with the heat insulating region not
provided as in the case of Sample 1 using the same method
as that used for Samples 1 and 2, except that a mixture gas
containing 85% of Ar gas and 15% of He gas was used as
the gas to be introduced into the susceptor. According to the
result of the evaluation, the value (Gr/Re®) became large,
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and the variation in the diameter of the glass fiber was larger
that that in the case of Sample 2.

Sample 4 was obtained using 100% of Ar gas as the gas
to be introduced into the susceptor and with the heat
insulating region 17a having approximately a half length of
the protective pipe provided at the upper section of the
protective pipe 17. According to the result of the evaluation,
although the variation in the diameter of the glass fiber was
smaller than that in the case of Sample 3, the temperature at
the outlet of the protective pipe did not lower sufficiently and
the value (Gr/Re?) was larger than 1, whereby the variation
in the diameter of the glass fiber did not reach the target
value.

Sample 5 was obtained with the heat insulating region 17a
provided at the upper section of the protective pipe as in the
case of Sample 4 using a mixture gas containing 50% of Ar
gas and 50% of He gas as the gas to be introduced into the
susceptor as in the case of Sample 2. However, the length Db
of the heat insulating region 17a was shortened to approxi-
mately a half of the length in the case of Sample 4.
According to the result of the evaluation, although the
variation in the diameter of the glass fiber was improved
more than that in the case of Sample 4, the stress gradient
(clad stress) at the clad section was not lowered, and the
transmission loss did not reach the target value.

Sample 6 was obtained with the heat insulating region 174
provided as in the case of Sample 5 using a mixture gas
containing 50% of Ar gas and 50% of He gas as the gas to
be introduced into the susceptor. However, the heat insulat-
ing region 17a at the upper section of the protective pipe 17
had approximately a half length of the protective pipe as in
the case of Sample 4. According to the result of the evalu-
ation, the transmission loss was in the range of the target
value or less, and the variation in the diameter of the glass
fiber was able to have a value of £0.10 pm, which was in the
range of the target value or less. In other words, it may be
said that the variation in the diameter of the glass fiber can
be suppressed by setting the heat insulating region 174 at the
upper section of the protective pipe 17 to the predetermined
length.

Sample 7 was obtained with the heat insulating region 174
provided as in the case of Sample 6 using 100% of Ar gas
to be introduced into the susceptor, and the value (Gr/Re®)
was 0.1, which was smaller than that in the case of Sample
6. According to the result of the evaluation, the transmission
loss reached the target value and the variation in the diam-
eter of the glass fiber was able to have a value of £0.4 pm,
which was in the range of the target value or less. In other
words, it may be said that the variation in the diameter of the
glass fiber can be suppressed by setting the value (Gr/Re?)
to 1 or less although 100% of Ar gas was used.

Sample 8 was obtained with the heat insulating region 174
provided as in the case of Sample 7 using 100% of Ar gas
to be introduced into the susceptor. However, the length of
the protective pipe 17 was 1.3 times longer than that in the
case of Sample 7. The value (Gr/Re®) was 0.1, which was the
same as that in the case of Sample 7. According to the result
of the evaluation, the transmission loss reached the target
value, and the variation in the diameter of the glass fiber was
able to have a value of +0.15 pm, which was smaller than
that in the case of Sample 7.

Sample 9 was obtained with the heat insulating region 17a
provided as in the case of Sample 7 using a mixture gas
containing 85% of Ar gas and 15% of He gas as the gas to
be introduced into the susceptor. However, the heat insulat-
ing region 17a at the upper section of the protective pipe 17
had a length 0.15 times the length of the protective pipe,
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which was shorter than that in the case of Sample 7. The
value (Gr/Re?) was 0.1, which was equal to that in the case
of Sample 7. According to the result of the evaluation,
although the transmission loss was slightly higher than that
in the case of Sample 7, the transmission loss reached the
target value, and the variation in the diameter of the glass
fiber was able to have a value of £0.11 um, which was
smaller than that in the case of Sample 7.

Sample 10 was obtained with the heat insulating region
17a provided as in the case of Sample 9 using 100% of Ar
gas to be introduced into the susceptor. The value (Gr/Re?)
was 0.1, which was equal to that in the case of Sample 9.
According to the result of the evaluation, although the
variation in the diameter of the glass fiber was larger than
that in the case of Sample 9, the transmission loss reached
the target value, and the variation in the diameter of the glass
fiber was able to have a value of +0.39 um, which was in the
range of the target value or less.

Sample 11 was obtained with the heat insulating region
17a provided as in the case of Sample 9 using a mixture gas
containing 85% of Ar gas and 15% of He gas as the gas to
be introduced into the susceptor. However, the length of the
protective pipe was 1.3 times longer than that in the case of
Sample 9. The value (Gr/Re?) was 0.1, which was equal to
that in the case of Sample 9. According to the result of the
evaluation, the transmission loss reached the target value,
and the variation in the diameter of the glass fiber was able
to have a value of £0.10 um, which was in the range of the
target value or less.

Sample 12 was obtained with the heat insulating region
17a provided as in the case of Sample 11 using 100% of Ar
gas to be introduced into the susceptor. The value (Gr/Re?)
was 0.1, which was equal to that in the case of Sample 11.
According to the result of the evaluation, the transmission
loss reached the target value, and the variation in the
diameter of the glass fiber was able to have a value of £0.15
um, which was in the range of the target value or less.

Sample 13 was obtained with the heat insulating region
17a having the same length as that in the case of Sample 8
provided using 100% of Ar gas to be introduced into the
susceptor also as in the case of Sample 8. However, the
length of the protective pipe was approximately 1.3 times
longer than that in the case of Sample 8. The value (Gr/Re?)
was 0.1. According to the result of the evaluation, the
transmission loss reached the target value, and the variation
in the diameter of the glass fiber was able to have a value of
+0.10 um, which was in the range of the target value or less.

Sample 14 was obtained with the heat insulating region
17a having the same length as that in the case of Sample 12
provided using 100% of Ar gas to be introduced into the
susceptor also as in the case of Sample 12. However, the
length of the protective pipe 17 was approximately 1.3 times
longer than that in the case of Sample 12. The value (Gr/Re?)
was 0.1. According to the result of the evaluation, the
transmission loss reached the target value and that the
variation in the diameter of the glass fiber was able to have
a value of £0.10 pm, which was in the range of the target
value or less.

In the cases of Samples 6 to 14 exhibiting excellent
properties, the peak of the reflectance around 1120 cm™" was
located in the range of 1119.83 cm™ or more and the peak
of the absorption around 2250 cm™" was located in the range
0f 2248.54 cm™" or more; on the other hand, in the cases of
Samples 1 and 5, the peaks of the reflectance and absorption
were outside these ranges.
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In the cases of Samples 6 to 14, the clad stress was 0.5
MPa/um or less; on the other hand, in the cases of Samples
1 and 5, the clad stress was larger than 0.5 MPa/um.

DESCRIPTION OF REFERENCE NUMERALS

AND SIGNS
10 . . . drawing furnace,
11 . . . optical fiber preform (preform),
11a . . . lower end section of preform,
12 . . . glass fiber,
13 . . . susceptor,
14 . . . furnace body,
15 . . . heater,

16, 18 . . . heat insulators,

17 . . . protective pipe,

17a . . . heat insulating region,
174 . . . non-heat insulating region

The invention claimed is:

1. An optical fiber producing method, using an apparatus
comprising a susceptor into which an optical fiber preform
is inserted and a heater disposed outside the susceptor to heat
the susceptor from the outside, for producing an optical fiber
by drawing a glass fiber while the optical fiber preform is
heated and melted and by drawing out the fiber through the
outlet at the lower section of the susceptor to the outside,

wherein a gas containing 50% or more of argon or

nitrogen is used as a gas to be supplied into the
susceptor, and a protective pipe with a length of Da
(mm) is provided under the susceptor, the protective
pipe having a heat insulating region enclosed with a
heat insulator with a length of Db (mm) at the upper
section thereof and a non-heat insulating region not
enclosed with any heat insulators at the lower section
thereof, and

wherein, when the drawing velocity of the glass fiberis V

(m/min), the lengths of Da and Db are set to satisfy
“V/Dax<1.2 and V/Db=2.3” so that the temperature of
the glass fiber at the outlet of the protective pipe
becomes 1700° C. or less and so that the outer diameter
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of the glass fiber at the outlet of the protective pipe is
within a range of the target outer diameter of the glass
fiber+6 pm or less.

2. An optical fiber producing method, using an apparatus
comprising a susceptor into which an optical fiber preform
is inserted and a heater disposed outside the susceptor to heat
the susceptor from the outside, for producing an optical fiber
by drawing a glass fiber while the optical fiber preform is
heated and melted and by drawing out the fiber through the
outlet at the lower section of the susceptor to the outside,

wherein a gas containing 85% or more of argon or

nitrogen is used as a gas to be supplied into the
susceptor, and a protective pipe with a length of Da
(mm) is provided under the susceptor, the protective
pipe having a heat insulating region enclosed with a
heat insulator with a length of Db (mm) at the upper
section thereof and a non-heat insulating region not
enclosed with any heat insulators at the lower section
thereof, and

wherein, when the drawing velocity of the glass fiber is V

(m/min), the lengths of Da and Db are set to satisfy
“V/Dax<1.2 and V/Db<7.7” so that the temperature of
the glass fiber at the outlet of the protective pipe
becomes 1700° C. or less and so that the outer diameter
of the glass fiber at the outlet of the protective pipe is
within a range of the target outer diameter of the glass
fiber+6 pm or less.

3. The optical fiber producing method according to claim
15

wherein “V/Da=<1.0” is satisfied, the temperature of the

glass fiber at the outlet of the protective pipe is 1650°
C. or less, and the outer diameter of the glass fiber at the
outlet of the protective pipe is within a range of the
target outer diameter of the glass fiber+1.6 um or less.

4. The optical fiber producing method according to claim
15

wherein the value obtained by dividing the Grashof

number Gr inside the protective pipe by the square of
the Reynolds number Re is 1 or less.
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